Early life exposure to endocrine-disrupting chemicals (EDCs) is an emerging risk factor for the development of obesity and diabetes later in life. We previously showed that prenatal exposure to the EDC tributyltin (TBT) results in increased adiposity in the offspring. These effects linger into adulthood and are propagated through successive generations. TBT activates two nuclear receptors, the peroxisome proliferator-activated receptor (PPAR) g and its heterodimeric partner retinoid X receptor (RXR), that promote adipogenesis in vivo and in vitro. We recently employed a mesenchymal stem cell (MSC) model to show that TBT promotes adipose lineage commitment by activating RXR, not PPARg. This led us to consider the functional consequences of PPARg vs RXR activation in developing adipocytes. We used a transcriptomal approach to characterize genome-wide differences in MSCs differentiated with the PPARg agonist rosiglitazone (ROSI) or TBT. Pathway analysis suggested functional deficits in TBT-treated cells. We then compared adipocytes differentiated with ROSI, TBT, or a pure RXR agonist IRX4204 (4204). Our data show that RXR activators ("rexinoids," 4204 and TBT) attenuate glucose uptake, blunt expression of the antidiabetic hormone adiponectin, and fail to downregulate proinflammatory and profibrotic transcripts, as does ROSI. Finally, 4204 and TBT treatment results in an inability to induce markers of adipocyte browning, in part due to sustained interferon signaling. Taken together, these data implicate rexinoids in the development of dysfunctional white adipose tissue that could potentially exacerbate obesity and/or diabetes risk in vivo. These data warrant further screening and characterization of EDCs that activate RXR. (Endocrinology 159: 2863(Endocrinology 159: -2883(Endocrinology 159: , 2018 
obesity epidemic beyond caloric intake and energy expenditure. Twin studies show that obesity is highly heritable (40% to 70%), yet genetic variants identified in large-scale genome-wide association studies account for only a small fraction (,3%) of the variance in body mass index (5, 6) . This has led investigators to consider how environmental factors interact with the genome to contribute to the obesity and diabetes epidemics. In particular, researchers now understand that environmental factors in utero and in early life can program disease risk in adulthood (6, 7) , collectively referred to as the developmental origins of health and disease paradigm (8) . Maternal obesity, maternal weight gain, and gestational diabetes are all linked to the risk of obesity in the offspring later in life. Likewise, in utero exposure to hyperglycemia via maternal type 1, type 2, or gestational diabetes predicts diabetes risk in the offspring [reviewed in (7) ]. Hence, researchers are examining a number of environmental factors, both maternal and paternal, that can influence metabolic disease risk in the offspring.
Emerging evidence links exposure to industrial chemicals with a number of noncommunicable diseases, including obesity and diabetes (9) (10) (11) (12) . Of the tens of thousands of chemicals used in industry, at least 1000 of them are considered endocrine-disrupting chemicals (EDCs) that can interfere with any aspect of hormone action (13) . These chemicals can target endocrine and metabolic organs, including the hypothalamus, pituitary, thyroid, liver, pancreas and, of course, adipose tissue (10) . The "obesogen hypothesis" postulated that developmental exposure to EDCs might promote obesity and metabolic disease later in life by reprogramming metabolic set points, promoting adipose hyperplasia and hypertrophy, or dysregulating hypothalamic and cortical circuits that control appetite, satiety, and reward (14, 15) . In the ensuing decade, numerous obesogens have been identified in humans and animals and further characterized in vitro and in vivo (10) .
Although the mechanisms of action of many obesogens remain elusive, many EDCs act through nuclear receptors such as peroxisome proliferator-activated receptor (PPAR) g, estrogen receptor, and glucocorticoid receptor to stimulate adipogenesis (16) (17) (18) . To study these chemicals mechanistically, many laboratories have employed the murine 3T3-L1 preadipocyte cell line as well as multipotent mesenchymal stem cells (MSCs, also known as mesenchymal stromal cells) from bone marrow, adipose tissue, and other organs (19, 20) . We first showed that the fungicide tributyltin (TBT) activates PPARg and its heterodimeric partner retinoid X receptor (RXR) to promote adipogenesis in 3T3-L1 cells and MSCs (14, 21, 22) , results corroborated by independent studies in several laboratories (19, (23) (24) (25) . Mice exposed to TBT in utero have increased fat mass and excess ectopic fat (14, 21) , characteristics that persist into adulthood and across several generations (26, 27) . We recently showed that TBT promotes adipose lineage commitment of undifferentiated MSCs through activation of RXR, but not PPARg (28) . This led us to question the implications of RXR vs PPARg activation on the function of the induced adipocytes, especially because pharmaceutical PPARg agonists are considered to improve adipocyte health (29) (in spite of important harmful side effects).
Adipocytes perform many functions essential to maintaining metabolic health. Principally, they are tasked with taking up glucose from the bloodstream in response to postprandial insulin (30) . In obesity, disrupted insulin signaling through the Akt/protein kinase B (PKB) pathway can lead to insulin resistance and T2D; if unmanaged, the disease will eventually progress to pancreatic b-cell failure, requiring exogenous insulin (31) . Adipose tissue is also an endocrine organ, releasing several "adipokines" that can improve or impair metabolic health (32) . Chief among these is adiponectin, which inversely correlates with T2D risk and acts, in part, by suppressing gluconeogenesis and stimulating b-oxidation in the liver (33) . Importantly, PPARg agonists increase serum adiponectin levels through direct binding to and activation of its promoter in adipocytes (34) . Two hallmarks of metabolically unhealthy obesity are inflammation and fibrosis (35, 36) . Both are thought to be initiated by hypoxic signaling in hypertrophic adipocytes, which induces the expression of fibrotic (collagens, collagen crosslinking enzymes) and inflammatory (IL-6, TNFa, macrophage migration inhibitory factor) genes. The resultant increases in extracellular matrix (ECM) and cytokines stimulate adipocyte necrosis and recruit proinflammatory immune cells, such as M1-type macrophages, and a positive feedback loop ensues (35) . Hence, functional adipocytes are characterized by (1) insulin sensitivity, (2) a healthy adipokine profile, and (3) small, normoxic cells that promote an antiinflammatory and antifibrotic milieu (35, 36) .
One final dimension of adipocyte function that has advanced greatly in recent years is the discovery that thermogenic brown adipose tissue (BAT) persists in adults, and white adipose tissue possesses the capability to "brown" into "beige/brite" fat (37, 38) . These thermogenic adipocytes are characterized by their abundant mitochondria, which are able to uncouple cellular respiration from ATP synthesis and dissipate their proton gradient to generate heat. This is achieved by uncoupling protein 1 (Ucp1), whose activity is stimulated by lipolysed free fatty acids, but inhibited by purine nucleotides, such as ATP. Both cold exposure and dietary intake can stimulate lipolysis through b-adrenergic signaling, resulting in sufficient free fatty acids to promote thermogenesis. BAT has great therapeutic potential as a treatment of obesity and diabetes because it readily converts blood glucose and fats into heat (39) . Interestingly, perinatal exposure to the insecticide DDT results in cold intolerance, reduced core temperature, and diminished energy expenditure in adult females (40) . This was driven by diminished BAT expression of PPARg coactivator 1a (Ppargc1a, also known as PGC-1a, a transcriptional master regulator of BAT genes) and iodothyronine deiodinase 2 (Dio2, which converts T4 to the more potent and thermogenic T3). Further studies are needed to clarify how DDT and other EDCs might disrupt adipose development to interfere with nonshivering thermogenesis in adulthood. Several reports in the literature show that brown/beige-like adipocytes can be differentiated from MSCs using genetic and pharmacologic approaches (41) (42) (43) . Hence, these cells may serve as a platform to screen for EDCs that interfere with BAT function and to study the effects of these EDCs mechanistically.
RXR is a unique member of the nuclear receptor family in that it forms heterodimers with multiple other nuclear receptors (44) . These partners are categorized either as "permissive," where the heterodimer can be activated either by activating RXR with a rexinoid or the partner receptor with its cognate ligand, or as "nonpermissive," in which RXR is unable to be activated and the heterodimer activated only by the partner receptor ligand. Given the multitude of permissive partners expressed in adipose tissue [e.g., liver X receptor (LXR), farnesoid X receptor, PPARa, PPARd, PPARg], rexinoids would be predicted to activate numerous, potentially interacting pathways in these cells. Interestingly, 3T3-L1 cells differentiated in the presence of the PPARg agonist troglitazone or TBT were shown to have divergent expression of adipogenic transcripts and proteins and an altered glucose metabolism (23) . Hence, we hypothesized that RXR activation in differentiating MSCs would result in a functionally distinct adipocyte compared with activating PPARg. We employed the MSC model to differentiate adipocytes in the presence of a PPARg agonist [rosiglitazone (ROSI)], an RXR agonist [IRX4204 (4204)], or the dual PPARg/RXR activator TBT, and subsequently assessed the gene expression profiles and function of these cells. Despite comparable levels of lipid accumulation, MSCs differentiated in the presence of TBT had a strongly divergent transcriptome from ROSItreated cells that suggested deficits in adipocyte function. Further analyses revealed that when compared with cells treated with ROSI, rexinoids reduced glucose uptake, ablated the secretion of adiponectin, sustained the expression of fibrotic and inflammatory genes, and repressed adipose browning. These data point to a deleterious role for rexinoids and RXR-disrupting chemicals on adipose tissue development and function. 
Materials and Methods

Chemicals
Mesenchymal stem cell culture and differentiation
Mouse bone marrow-derived MSCs (OriCell, Cyagen Biosciences, Santa Clara, CA) from female C57BL/6 mice were stored at passage 9 in liquid N 2 . Cells were maintained and expanded at subconfluence as previously described (28, 45) in DMEM supplemented with 10% calf bovine serum (SigmaAldrich), 10 mM HEPES, 1 mM sodium pyruvate, 100 IU/mL penicillin, and 100 mg/mL streptomycin. To differentiate MSCs into adipocytes, cells were plated at 15,000 cells/cm 2 and allowed to proliferate for 72 hours, at which point they were confluent and ready for adipose induction. Media were then switched to aMEM supplemented with 15% fetal bovine serum (FBS; Gemini Bio-Products, West Sacramento, CA), 10 mM HEPES, 2 mM L-glutamine, 100 IU/mL penicillin, 100 mg/mL streptomycin, and an adipose induction cocktail (MDI) containing 1 mM dexamethasone, 5 mg/mL insulin, and 0.5 mM isobutylmethylxanthine; 10 nM T 3 was added for brown adipose differentiation. Ligands were added in conjunction with differentiation media. Media was changed every 3 to 4 days for 14 days, at which point differentiated MSCs were ready for further analysis. For antagonist assays, the PPARg antagonist T0070907 (1 mM) or the RXR antagonist HX531 (10 mM) was added during the last 7 days of differentiation. Owing to its short half-life, T0070907 was redosed every 12 hours (22) . To assess the role of the IFN signaling, 1000 U/mL IFNa or 5 mM TCN was added during the last 7 days of differentiation. All cell culture experiments were carried out at 37°C with 5% CO 2 unless otherwise indicated.
Stromal vascular fraction isolation and differentiation fraction (SVF) was harvested from inguinal fat pads as previously described (46) . Inguinal fat pads were dissected, minced, pooled, and subsequently digested in a collagenase solution (100 mM HEPES, 120 mM NaCl, 50 mM KCl, 5 mM glucose, 1 mM CaCl 2 , 1.5% BSA, and 1 mg/mL collagenase D) at 37°C for 2 hours. Digested adipose tissue was passed through a 100-mm filter and the SVF was separated from adipocytes by centrifugation (5 minutes, 600g). SVF was resuspended in aMEM 15% FBS (see above), plated at high density in collagencoated plates, and allowed to attach overnight. Media were changed daily to remove dead and nonadherent cells until adherent cells (preadipocytes, MSCs, fibroblasts) reached confluency. SVF was induced to differentiate into adipocytes in aMEM 15% FBS, MDI, T3, and ligands [dimethyl sulfoxide (DMSO), ROSI, 4204, TBT] as described above. After 48 hours, the induction cocktail was switched to insulin (5 mg/mL), T 3 , and ligands and differentiated for 4 more days.
Assessment of lipid accumulation
MSCs were fixed in 3.7% buffered formaldehyde; neutral lipids were stained with Nile Red (1 mg/mL), and nucleic acid was stained with Hoechst 33342 (1 mg/mL). Relative fluorescence units (RFUs) were measured in a SpectraMax Gemini XS spectrofluorometer (Molecular Devices, Sunnyvale, CA) using SoftMax Pro (Molecular Devices). Lipid accumulation was calculated as Nile Red RFU normalized to Hoechst RFU.
Insulin challenge and glucose uptake
To assess insulin response, MSCs were differentiated for 12 days and then maintained in media (aMEM 15% FBS) without MDI or ligands for the final 2 days of differentiation (day 12 to 14). Cells were washed with Krebs-Ringer-HEPES buffer (KRH) containing 0.1% BSA and subsequently serum starved overnight in the same buffer supplemented with 5.5 mM glucose. MSCs were then washed with glucose-free KRH 0.1% BSA prior to insulin challenge in the same buffer. For protein and gene expression analysis, cells were collected at baseline or after 15 minutes (protein) or 4 hours (RNA) of 100 nM insulin treatment. Glucose uptake was measured as previously described (47) . In brief, cells were treated with insulin (100 nM) or vehicle control (DMSO) in glucose-free KRH 0.1% BSA for 30 minutes. Wells were then spiked with 0.5 mCi of 2-deoxy-D-[ 3 H]-glucose in 6.5 mM unlabeled 2-deoxy-D-glucose. After 5 minutes cells were thoroughly washed in ice-cold KRH 0.1% BSA and subsequently lysed in 0.05 N NaOH. Lysates were transferred into scintillation vials and radioactivity was measured in a Beckman LS6500 liquid scintillation counter (Beckman Coulter, Brea, CA).
Measurement of secreted adiponectin
Differentiated MSCs (14 days) were maintained for 72 hours in differentiation media lacking MDI or ligands (aMEM 15% FBS). Mouse adiponectin protein levels in conditioned media were measured by ELISA according to the manufacturer's instructions (Thermo Fisher Scientific).
Lipolysis assay
Differentiated MSCs (14 days) were washed and subsequently incubated in the presence or absence of the b-adrenergic agonist isoproterenol (100 nM) for 4 hours. Free glycerol in the media was measured by a colorimetric method according to the manufacturer's protocol (Abcam, Cambridge, United Kingdom). All assay buffers and chemicals were supplied by Abcam. Cells were fixed and stained with Nile Red to quantify lipid accumulation as described above. Free glycerol was normalized to total lipid (Nile Red RFU) for each well.
Mitochondrial stress test
Mitochondrial function was evaluated using a Seahorse XF24 analyzer (Agilent Technologies, Santa Clara, CA). MSCs were plated in 24-well Seahorse plates at 3000 cells per well (;11,000 cells/cm 2 ) in 100 mL of DMEM 10% calf bovine serum. Media volume was brought up to 200 mL the following day, and this volume was used for the remainder of the assay. Cells were allowed to grow to confluence and differentiated as described above in the presence of T3. The assay was carried out on two plates with five replicates from each treatment group on each plate (n = 10 total per group). After 2 weeks of differentiation, cells were washed and then incubated in buffer-free Seahorse XF media supplemented with 5.55 mM glucose, 1 mM sodium pyruvate, and 2 mM L-glutamine (identical to concentrations in aMEM) for 1 hour at 37°C without CO 2 . Plates were then loaded into the Seahorse XF analyzer and subjected to a Mito Stress Test. Cells were sequentially exposed to a complex V inhibitor (1.5 mM oligomycin), a mitochondrial uncoupler [1 mM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone], and a combination of complex I (1 mM rotenone) and complex III (1 mM antimycin A) inhibitors. Oxygen consumption rate (OCR; pmol/min) is measured repeatedly at baseline and following exposure to each compound. At the end of the assay, cells were immediately fixed and stained with Hoechst 33342 as described above; OCR measurements were normalized to Hoechst RFU for each well. ATP production, maximal respiration, and spare respiratory capacity were extrapolated from changes in normalized OCR in response to compounds.
Immunoblotting
To isolate protein, cells were washed twice in ice-cold PBS and then lysed in RIPA buffer containing protease (Research Products International, Mount Prospect, IL) and phosphatase (Thermo Fisher Scientific) inhibitors. Lysates were shaken at 4°C for 1 hour and then sheared with a 27-gauge needle prior to cold centrifugation. Supernatants were collected and protein concentrations were measured using the DC protein assay (Bio-Rad, Hercules, CA). Twenty micrograms of SDS denatured protein was run on 4% to 20% Tris-glycine polyacrylamide gels (Bio-Rad) and transferred to a polyvinylidene difluoride membrane (Millipore, Burlington, MA) by semidry transfer (Bio-Rad). Blots were blocked, washed, and incubated with primary antibodies according to product specifications [phospho-Akt Ser473, Abcam (48); pan-Akt, Abcam (49); GAPDH, Santa Cruz Biotechnology, Dallas, TX (50)]. Following incubation with HRP-conjugated secondary antibody (GE Healthcare Life Sciences, Marlborough, MA), blots were incubated with chemiluminescent substrate (Thermo Fisher Scientific) and visualized in a ChemiDoc imaging system (Bio-Rad). Blots were stripped in acidic glycine (pH 2.2, 0.1% SDS, 1% Tween 20) and reprobed as needed.
RNA/DNA isolation, reverse transcription, quantitative PCR Cells were lysed in TRIzol (Thermo Fisher Scientific) and RNA was isolated by phenol/chloroform extraction. RNA concentrations were measured on a NanoDrop spectrophotometer (Thermo Fisher Scientific) and RNA quality was confirmed by gel electrophoresis. cDNA was generated from 1 mg of total RNA using Transcriptor reverse transcription (Roche, Basel, Switzerland) according to the manufacturer's protocol. For DNA isolation, cells were collected in lysis buffer [10 mM Tris-HCl (pH 8.0), 400 mM NaCl, 2 mM EDTA, 1% SDS] and subsequently treated with proteinase K (0.25 mg/mL, 2 hours, 55°C). DNA was isolated by phenol/chloroform/isoamyl alcohol extraction and concentrations were measured on a NanoDrop. Quantitative RT-PCR was conducted as previously described (28, 45) using intronspanning primers (Supplemental Table 1 ).
Deep sequencing
RNA for sequencing was isolated using a miRNeasy micro kit (Qiagen, Hilden, Germany). Intact RNA integrity .9.0 of total RNA samples was confirmed using the Agilent RNA 6000 Nano Kit for Bioanalyzer (Agilent Technologies). After ribosomal RNA removal using the RiboMinus eukaryote system v2 kit (Life Technologies), nondirectional RNA sequencing (RNAseq) deep sequencing libraries for the ABI/SOLiD platform were constructed using the SOLiD total RNA-seq kit and EZ Bead (Life Technologies). Deep sequencing was performed using the SOLiD 5500XL deep sequencer (50-nt, single nondirectional reads; Life Technologies), and the XSQ-format raw data were converted to the csfasta/QV.qual format using the XSQ tool Linux script provided by Life Technologies.
Deep sequencing data analysis
The csfasta/QV.qual sequences were aligned to the NCBI37/ mm9 mouse genome reference sequence to obtain the bam format aligned read data using the NovoAlignCS color-space aligner (Novocraft Technologies, Selangor, Malaysia) with the following command line:
The bam-format data of mapped reads were examined using the fastQC deepsequencing reads quality control tool (Simon Andrews, Babraham Institute) to exclude poor-quality reads from the study. Quality control-passed mapped reads were subjected to extraction of uniquely mapped reads using samtools (51) . Uniquely mapped reads were assigned to the mm9 gene model, and on-exon reads were counted using the Bioconductor package Rsubread (52) . The assigned read counts were normalized using Bioconductor package DESeq2 (53) using the regularized logarithm (rlog) transformation. Prior to clustering analysis, normalized counts were filtered based on variance (standard deviation . 0.2) and expression level (minimum four replicates with more than four regularized logarithm normalized counts). Hierarchical and k-means clustering were performed on the 4770 genes that met the indicated criteria in cluster 3.0; dendrograms were visualized in Java TreeView. For gene ontology term and pathway analysis, differentially expressed genes were converted to HUGO gene symbols, then tested for enrichment in MSigDB (Broad Institute, Cambridge, MA) pathway (C2) gene sets by a hypergeometric test in R. P values were corrected for multiple testing using the Benjamini-Hochberg method. Differential expression was assessed in DESeq2 using the DESeq function with a = 0.01. Differentially expressed genes were defined by BenjaminiHochberg corrected P values ,0.01 and fold change [absolute value of log 2 (fold change) . log 2 (1.2)].
All sequencing data are available on the Gene Expression Omnibus (GSE115946).
Statistical analysis
Data visualization and statistical analyses were conducted in Prism 7 (GraphPad Software, La Jolla, CA), excluding RNA-seq analysis, which was completed in R and other software packages as noted above. Four to six biological replicates were used for all experiments except the Seahorse assay, which used 10 replicates. The primary endpoint of our study was to compare the function of terminally differentiated adipocytes with similar levels of lipid accumulation (ROSI, 4204, and TBT groups). Vehicle controls (DMSO) are presented but were excluded from most statistical tests, because these cells form far fewer adipocytes than do ligand-treated MSCs. However, because comparisons to vehicle control are useful to evaluate differentiation, we have included these data as a supplement (Supplemental Table 2 ). Standard propagation of error was used where appropriate (54) . A P value of #0.05 was considered statistically significant for all assays other than RNAseq analysis (see above).
Results
Differentiation of MSCs with ROSI and TBT forms adipocytes with distinct transcriptomes
Mouse bone marrow MSCs were differentiated into adipocytes using a standard adipogenic cocktail (insulin, dexamethasone, and isobutylmethylxanthine; also known as MDI) (55) . Cells were additionally treated with the PPARg agonist ROSI, the endocrine disruptor TBT, or vehicle control (0.1% DMSO). Doses of ROSI (500 nM) and TBT (50 nM) were chosen to achieve similar levels of lipid accumulation based on previously published reporter assays and adipogenesis assays (14, 21, 22, 45, 56, 57) . After 2 weeks of differentiation, mature adipocytes were assessed for lipid accumulation and genome-wide transcription (Supplemental Fig. 1A ). ROSI and TBT treatment resulted in comparable levels of lipid accumulation over DMSO control (Supplemental Fig. 1B ). The transcriptomes of differentiated MSCs were analyzed by hierarchical clustering (Supplemental Fig. 1C ) and principal component analysis (Supplemental Fig. 1D ) of normalized transcript counts. Despite achieving similar levels of lipid accumulation, TBT and ROSI transcriptomes were distinct from one another (Supplemental Fig. 1C-1F ). In fact, TBT-differentiated MSCs clustered closer to vehicle controls than to ROSI samples (Supplemental Fig. 1C ). Genes differentially expressed by TBT and ROSI samples as compared with DMSO controls were largely distinct from one another (Supplemental Fig. 1E ; Supplemental Table 3 ) and the overall correlation between TBT and ROSI expression changes over DMSO was modest (R 2 = 0.3426; Supplemental Fig. 1F ).
To better assess differences in gene expression patterns between TBT and ROSI-differentiated MSCs, we performed k-means clustering on 4770 transcripts with the highest variance and meaningful expression levels ( Fig. 1A ; Supplemental Table 4 ; see "Materials and Methods"). These transcripts were binned into six clusters that were subsequently evaluated for enrichment in the Molecular Signaling Database's curated gene sets (C2 collection, MSigDB; Broad Institute). From this analysis we focused on enrichments in the Kyoto Encyplopedia of Genes and Genomes (Kyoto University, Kyoto, Japan), Pathway Interaction Database (National Cancer Institute, Bethesda, MD), and BioCarta (Allele Biotechnology, San Diego, CA) gene sets ( Fig. 1B ; Figure 1 . Differentiation of MSCs with ROSI and TBT forms adipocytes with distinct transcriptomes. MSCs were differentiated for 2 wk in the presence of ROSI (500 nM), TBT (50 nM), or vehicle control (0.1% DMSO) and an adipose induction cocktail (MDI). After 2 wk, RNA was isolated and prepared for deep sequencing. Reads were aligned to the mouse genome (mm9), counted (Rsubread, R/Bioconductor), normalized (DESeq2, R/Bioconductor), and clustered using the k-means method (Cluster 3.0) as described in "Materials and Methods." (A) Median-adjusted normalized counts for all genes within each of the six clusters are presented as Tukey box plots. (B) Pathway analysis of genes within each k-means cluster was performed using the MSigDB C2 gene sets. Results from Kyoto Encyplopedia of Genes and Genomes (KEGG; blue text), Pathway Interaction Database (PID; green text), and BioCarta (brown text) gene sets are displayed. Pathways were ranked by the Benjamini-Hochberg adjusted P value (p-adj). The number of genes from a given cluster within a particular gene set divided by the total number of genes in the set, as a percentage, is indicated by the size of the circle. Pathways not relevant to adipocyte biology are presented in gray but are listed in Supplemental Table 5 . (C) Heat map of median-adjusted normalized counts for 10 representative genes from each of the 6 clusters are presented for each sample replicate.
Supplemental Table 5 ). Broadly, these clusters can be grouped into three categories. In the first group, TBT expression is distinct from both DMSO and ROSI (clusters 1 and 5, Fig. 1A ). In the second group, ROSI expression is distinct from both DMSO and TBT (clusters 3 and 6, Fig. 1A ). Although these clusters are the smallest in number (n = 153 and 287, respectively), they represent a failure by TBT to target a subset of genes effectively altered by ROSI. The final group contains genes congruently altered by ROSI and TBT treatments over DMSO controls (clusters 2 and 4, Fig. 1A ), likely representing adipocyte differentiation induced by either ligand.
Pathway analysis reveals that cluster 1 is enriched for the profibrotic TGF-b signaling pathway, suggesting that TBT may push developing MSCs toward a myofibroblast-like phenotype. Clusters 2 and 3 are enriched for cell adhesion and ECM gene sets ( Fig. 1B; Supplemental Fig. 2B ). Genes driving these enrichments include transcripts coding for collagens (Col1a1, Col1a2, Col3a1, Col5a1, Col6a1), integrins (Itga1, Itga3, Itgb3), thrombospondins (Thbs1, Thbs2), and fibronectin (Fn1) (Fig. 1C) . Remarkably, cluster 3 is highly enriched for inflammatory pathways, particularly IFN signaling ( Fig. 1B; Supplemental Fig. 3 ). These data reveal that TBT is unable to repress fibrotic and inflammatory transcripts that are effectively downregulated by ROSI. Furthermore, TBT activates the TGF-b pathway, which is known to promote adipose tissue fibrosis and dysfunction.
Genes from clusters 4 to 6 are highly enriched for metabolic pathways, particularly cellular respiration and lipid metabolism (Fig. 1B) . Enrichment for cellular respiration terms was primarily found in clusters 4 and 5, driven by genes coding members of the electron transport chain (ETC; Supplemental Fig. 2A ). The unique repression of nuclear-encoded ETC genes (cluster 5) implies respiratory deficits in TBT-differentiated cells. Lipid metabolism enrichment was principally seen in cluster 6, driven by classic adipose markers such as acyl-CoA oxidase 1 (Acox1), cell death-inducing DFFA-like effector C (Cidec, also known as Fsp27), fatty acid binding protein 4 (Fabp4), and sterol regulatory element binding transcription factor 1 (Srebf1) (Fig. 1C) . The inability of TBT to effectively activate these genes suggests an inability to activate PPARg targets as effectively as ROSI, despite comparable lipid accumulation. Taken together, these data demonstrate that energy metabolism is disrupted in TBT-treated MSCs.
Treatment with a selective RXR agonist mirrors TBT-induced changes in gene expression
Because TBT is a dual PPARg/RXR activator, we hypothesized that differences in the ROSI and TBT transcriptomes might be RXR-dependent. To explore this, MSCs were differentiated in the presence of ROSI, TBT, or the selective RXR agonist 4204 (58). After 2 weeks of differentiation, all three treatment groups accumulated similar levels of intracellular lipid compared with vehicle control (Fig. 2A) , although 4204 produced slightly less lipid accumulation at the dose used in this study (100 nM).
We investigated gene expression in 4204 samples to compare with ROSI and TBT treatments. This began with the canonical PPARg and RXR target genes Fabp4 and ATP-binding cassette transporter 1 (Abca1), respectively (Fig. 2B) . As expected, expression of the PPARg target Fabp4 was highest in ROSI-treated samples, whereas expression of the RXR target, Abca1, was highest in 4204-treated samples; TBT-induced expression levels fell between ROSI and 4204 (Fig. 2B) . The transcriptional regulators of adipogenesis zinc finger protein 423 (Zfp423) and CCAAT/enhancer binding protein a (Cebpa) have higher expression in ROSI samples, whereas Pparg2 expression is highest with 4204 treatment (Fig. 2C) , consistent with the ability of rexinoids to commit cells to the adipogenic lineage (28) . For all three of these genes, TBT-induced expression levels resemble 4204 more so than ROSI (Fig. 2C) . Genes critical for adipocyte function such as Acox1 and Cidec are preferentially targeted by the PPARg agonist ROSI, whereas fatty acid synthase (Fasn) is better induced by rexinoids. The lipases lipase E (Lipe, also known as hormone-sensitive lipase) and lipoprotein lipase (Lpl) are expressed similarly between ligand treatment groups (Fig. 2D) . These data show a clear rift in gene expression between MSCs differentiated with PPARg and RXR agonists, and they suggest that the differences observed in ROSI and TBT transcriptomes might be driven by RXR.
Rexinoid-differentiated MSCs have impaired glucose uptake but intact insulin signaling
Chief among the functions of a mature adipocyte is the ability to take up glucose in response to insulin. Transcript levels of the insulin-dependent glucose transporter solute carrier family 2 member 4 (Slc2a4, also known as GLUT4) are attenuated in 4204 and TBT samples when compared with ROSI (Fig. 3A) . To test whether altered expression was reflected in glucose uptake, MSCs were differentiated with MDI and ligands as previously described (Supplemental Fig. 1A) for 12 days and then maintained in basal media for 2 days and finally starved overnight in a serum-free buffer. In this way, cells were starved first of the insulin in MDI and, subsequently, of insulinomimetic compounds in serum (Fig. 3B) . Following serum starvation, cells were challenged with insulin and assessed for their ability to take up glucose (Fig. 3C) , for signaling through the insulin pathway (Fig. 3D) , and altered expression of insulin-response genes (Fig. 3E) . Both basal and insulin-stimulated glucose uptake were highest in ROSI-differentiated MSCs compared with 4204 and TBT, as assessed by uptake of radiolabeled 2-deoxyglucose (Fig. 3C) . Akt/PKB signaling was assessed by detecting phosphorylation of Akt at Ser473 (Fig. 3D) . No discernable differences were seen between samples, suggesting that insulin signaling was intact across treatments ( Fig. 3D; Supplemental Fig. 4) .
Finally, the transcriptional response to insulin was assayed after 4 hours of insulin treatment. Basal Slc2a4 expression remained high in ROSI-differentiated MSCs, even after removal of MDI, ligands, and serum (Fig. 3E) . Insulin treatment strongly repressed Slc2a4 in ROSI samples, mildly so in TBT treatment, but not in 4204-differentiated cells (Fig. 3E) . Glycerol kinase (Gyk), an insulin target expressed in brown but not white adipose tissue, was induced by insulin in all treatments (Fig. 3E) . Its basal expression, however, was highest in ROSIdifferentiated samples (Fig. 3E) . The gluconeogenic phosphoenolpyruvate carboxykinase 1 (Pck1, also known as PEPCK) was induced in ROSI-treated MSCs, whereas expression remained low in 4204 and TBT samples (Fig. 3E) . Hence, the transcriptional response to insulin is altered in rexinoid-differentiated adipocytes, as is observed in human obesity (59) .
RXR agonists blunt the expression and secretion of adiponectin compared with ROSI-treated cells
A major role of adipose tissue in health and disease is the secretion of adipokines, some of which are insulinsensitizing and anti-inflammatory whereas others promote insulin resistance and inflammation (32) . Adiponectin belongs to the former group, acting on the liver, skeletal muscle, and pancreas to ameliorate glycemic control. In analyzing our RNA-seq data, we noted that adiponectin (Adipoq) was one of the most differentially expressed genes between ROSI and TBT ( Fig. 4A ; Supplemental Table 3 ). In agreement with previous work in human and mouse MSCs (21), we see minimal to modest induction of Adipoq in ROSI treatment over MDI plus vehicle controls. Diminished expression of Adipoq by TBT (and 4204) relative to ROSI was confirmed by quantitative PCR (qPCR; Fig. 4B ). Notably, Adipoq transcript was repressed by 4204 (60%) and TBT (52%) as compared with vehicle control (DMSO), although this only reached statistical significance in the 4204 group (Supplemental Table 2 ). To assess whether these differences resulted in diminished secretion of adiponectin protein, we measured levels of adiponectin in cell media. ROSI and control cells secreted substantial levels of adiponectin during 3 days, but the adipokine was nearly undetectable in 4204 and TBT-conditioned media ( Fig. 4C ; Supplemental Table 2 ). In fact, diminished protein secretion by rexinoids relative to ROSI was greater than their effect on mRNA expression (92% vs 78%, respectively), suggesting that RXR activators may also inhibit adiponectin export. Therefore, we assayed transcript levels of endoplasmic reticulum oxidoreductase 1-like (Ero1l), which regulates the secretion of adiponectin from adipocytes (60) . Indeed, expression of this gene in rexinoid treatments was less than half of what was detected in ROSI samples (Fig. 4D) , suggesting that RXR activators not only produce less adiponectin mRNA, but they may either fail to induce or interfere with protein export compared with the ROSI group.
Rexinoids promote or fail to silence fibrotic and inflammatory genes that are downregulated by ROSI As in the liver, adipose fibrosis is promoted by TGF-b signaling, which recruits wound-healing myofibroblasts and elevates expression of profibrotic ECM genes such as collagens, fibronectin, and connective tissue growth factor (Ctgf) (61) . In analyzing our RNA-seq data, we noted an enrichment of ECM terms in clusters 1 to 3 (where expression is higher in TBT than in ROSI groups). A comprehensive list of ECM genes expressed in adipose tissue or adipose progenitors (62) revealed 59 genes within our k-means cluster, 45 of which (76%) were found in clusters 1 to 3 (Supplemental Fig. 2B ). TGF-b signaling was chiefly enriched in the TBT-induced cluster 1, driven by genes such as activin A receptor type 2A (Acvr2a), bone morphogenetic protein receptor type 1a and 2 (Bmpr1a, Bmpr2), inhibin A (Inhba), and Rho associated coiled-coil containing protein kinase 2 (Rock2). qPCR confirmed downregulation of fibrosis-associated genes by ROSI, but not 4204 or TBT (Fig. 5A ). This included the myofibroblast marker actin, a2, smooth muscle, aorta (Acta2, also known as aSMA), the TGF-b marker Inhba, as well as several ECM genes such as Col1a1, Col3a1, and Ctgf, whereas the proinflammatory glycoprotein tenascin C (Tnc) was induced by rexinoids ( Fig. 5A ; Supplemental Table 2) .
RNA-seq analysis also revealed an enrichment of inflammatory signaling pathways in cluster 3 (Fig. 1B) . Whereas expression of classic markers of adipose inflammation such as IL-6, TNF-a, and macrophage migration inhibitory factor were not altered by TBT, levels of mRNAs encoding the macrophage recruiting C-C motif chemokine ligand 5, 7, and 9 (Ccl5, Ccl7, Ccl9) were all expressed at higher levels than ROSI either due to incomplete repression Fig. 2 . For ROSI, 4204, and TBT samples, one-way ANOVA and Tukey multiple comparison test were used: *P , 0.05; **P , 0.01. (B) For insulin challenges, MSCs were differentiated for 12 d in the presence of MDI and ligands, then tapered off MDI, ligands, and serum as described in "Materials and Methods." Cells were starved overnight in serum-free buffer prior to insulin challenge and measurement of (C) glucose uptake, (D) Akt/PKB signaling, or (E) transcriptional response. (C) Glucose uptake was measured using radiolabeled 2-deoxy-D-glucose as described in "Materials and Methods." For ROSI, 4204, and TBT samples, a two-way ANOVA and Tukey multiple comparison test between treatment groups were used: *P , 0.05; **P , 0.01; ****P , 0.0001. (D) Protein lysates were prepared from samples at baseline or following insulin treatment (100 nM) for 15 min as described in "Materials and Methods." Samples were immunoblotted for phosphorylation of AKT at serine 473 (pAKT S473), panAKT, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; loading control). (E) RNA was collected at baseline or after 4 h of insulin treatment (100 nM). Gene expression of insulin-responsive transcripts was assessed by qPCR. For ROSI, 4204, and TBT samples, a two-way ANOVA and Tukey multiple comparison test between treatment groups were used: **P , 0.01; ***P , 0.001; ****P , 0.0001. All data are represented as the mean 6 SEM. 3 
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(Ccl5, Ccl7) or an RXR-mediated induction (Ccl9) ( Fig. 5B ; Supplemental Table 2 ). Genes involved in IFN signaling were among the most upregulated transcripts in TBTdifferentiated MSCs when compared with ROSI (Supplemental Fig. 3A and 3B ). qPCR confirmed high levels of interferon regulatory factors (IRFs) 7 and 9 (Irf7, Irf9) as well as the IFN-stimulated genes (ISGs) signal transducer and activator of transcription 1 and 2 (Stat1, Stat2), interferon induced protein with tetratricopeptide repeats 2 (Ifit2), and 2-5 0 oligoadenylate synthetase 1a (Oas1a) in MSCs differentiated in the presence of rexinoids (Fig. 5C) . Hence, rexinoid treatment promotes a proinflammatory, profibrotic gene expression profile in differentiated MSCs either by inducing (cluster 1) or failing to silence these genes (clusters 2 and 3) during adipogenesis.
Rexinoid-differentiated MSCs fail to induce the expression of BAT markers and respire less oxygen in the uncoupled state Analysis of clusters 4 and 5 revealed a pronounced enrichment of genes coding subunits of the ETC (pomplex I to IV and ATP synthase). Of the 75 ETC genes within our k-means cluster, 72 of them (96%) were in clusters 4 to 6 (Supplemental Fig. 2A ). Along with mitochondrial uncoupling and lipid catabolism, elevated respiration is a key feature that distinguishes thermogenic brown or beige adipose tissue from white adipose tissue. Recent literature shows that bone marrow-derived MSCs can be differentiated into brown/beige-like adipocytes in vitro (41) . Therefore, we hypothesized that . All data are represented as the mean 6 SEM. For ROSI, 4204, and TBT samples, a one-way ANOVA and Tukey multiple comparison test were used: **P , 0.01; ***P , 0.001; ****P , 0.0001. Figure 5 . Rexinoids promote or fail to silence the expression of fibrotic and inflammatory genes that are downregulated by ROSI. RNA was collected from MSCs differentiated with MDI and ROSI (500 nM), 4204 (100 nM), TBT (50 nM), or vehicle control (0.1% DMSO). qPCR analysis of gene expression was conducted for (A) genes involved in adipose tissue fibrosis, (B) chemokines, and (C) IFN genes. All data are represented as the mean 6 SEM. For ROSI, 4204, and TBT samples, a one-way ANOVA and Tukey multiple comparison test were used: *P , 0.05; **P , 0.01; ***P , 0.001. rexinoids were inhibiting a brown/beige adipocyte phenotype in our MSCs. To test this hypothesis, MSCs were differentiated with MDI and ligands (as in Supplemental  Fig. 1A) in the presence or absence of thyroid hormone (T3) to encourage browning (41) . At the end of differentiation, MSCs were assessed for expression of brown/beige markers, including Ucp1, elongation of very-long-chain fatty acids (FEN1/Elo2, SUR4)/Elo3, yeast-like 3 (Elovl3), cell death-inducing DFFA-like effector A (Cidea), cytochrome c oxidase subunit VIIIb (Cox8b), PR/SET domain 16 (Prdm16), PPARa (Ppara), and PPARg coactivator 1a and 1b (Ppargc1a and Ppargc1b, also known as PGC-1a, PGC-1b) (Fig. 6A) . T3 effectively induced Ucp1 (4.3-fold in ROSI samples; Fig. 6A ), although several other BAT markers (Elovl3, Cidea, and Ppara) were attenuated by T3 treatment. Importantly, 4204-and TBT-treated samples failed to upregulate most BAT markers over vehicle controls, revealing an inability to activate the brown/beige transcriptional program (Fig. 6A) .
We also assessed expression of patatin-like phospholipase domain containing 2 [Pnpla2, also known as adipose triglyceride lipase (ATGL)], because intracellular lipolysis is thought to be critical for BAT thermogenesis (63) . Interestingly, T3 increased expression of ATGL, and this increase was blocked in the ROSI and TBT groups, but not 4204 (Fig. 6A) . We then assessed lipolysis in our differentiated cells, as measured by free media glycerol normalized to lipid accumulation, both under basal conditions and upon b-adrenergic stimulation with isoproterenol (Fig. 6B ). In concordance with the ATGL expression data, 4204-treated cells lipolysed the most fat, whereas TBT treatment resulted in slightly more lipolysis than in the ROSI group (Fig. 6B) . We infer from these data that thermogenesis in 4204-and TBT-differentiated adipocytes would not be limited by their ability to lipolyse intracellular fat. Consistent with this idea, recent in vivo work suggests that circulating, rather than intracellular, free fatty acids drive BAT thermogenesis (64) .
Because BAT is, in part, defined by an abundance of mitochondria, we assessed whether rexinoid treatment reduced mitochondrial number by quantifying relative abundance of mitochondrial DNA. Compared with ROSI-differentiated MSCs, 4204-and TBT-treated cells had an ;20% reduction in mitochondrial DNA, although this only reached statistical significance in the 4204 group (Fig. 6C) . We then subjected differentiated MSCs to a Seahorse Mito Stress Test (see "Materials and Methods") to assess mitochondrial function. Basal OCR was significantly higher in the TBT group as compared with 4204, suggesting an RXR-independent regulation of basal respiration by TBT (Fig. 6D) . We also found that ATP production in the ROSI and TBT groups was higher than in 4204-treated cells. However, when respiration was uncoupled from ATP synthesis, ROSI-differentiated cells were the best equipped to respire oxygen (Fig. 6D) . Hence, under basal conditions, TBT-differentiated MSCs maintain functional mitochondria that respire oxygen and produce ATP at the same levels seen in the ROSI group. Under stressed conditions (uncoupling) the rexinoid groups are unable to respire at the rate achieved by ROSI, again suggesting adipocyte dysfunction.
Multiple studies have now shown that long-term cold exposure induces the proliferation of beige adipocytes in inguinal fat depots from vascular progenitors (65, 66) . Hence, we isolated the SVF from inguinal fat depots and differentiated them in the presence of MDI, T3, and ligands. Interestingly, rexinoids were not as effective as ROSI in inducing adipogenesis in SVF (Supplemental Fig. 5A ), likely due to the fact that most nonhematopoietic cells in SVF are committed preadipocytes (28, 67) . On average, DMSO-, 4204-, and TBT-treated SVF reached 47%, 66%, and 75% of the lipid accumulation achieved in ROSI samples, respectively (Supplemental Fig. 5A ). In contrast, differences in gene expression of PPARg target genes (Fabp4, GLUT4, Adipoq) were far more dramatic than the lipid accumulation data would suggest (Supplemental Fig. 5A and 5B). This suggests that ROSI induces expression of its target genes to levels beyond their maximal effect on adipose turnover, and it sheds light on how rexinoid-treated MSCs achieve the same level of lipid accumulation in spite of lower expression of PPARg targets. The most striking difference in gene expression was seen in BAT markers, particularly Ucp1, whose expression was 1000-and 100-fold lower than ROSI in 4204 and TBT groups, respectively (Supplemental Fig. 5D ). Interestingly, we do not see repression of adiponectin by rexinoids relative to the DMSO control as was observed in MSCs (Supplemental Fig. 5C ; Supplemental Table 2 ), implying that this may occur during the lineage commitment process where RXR is known to play an important role (28) . We additionally observe activation, not repression, of IFN genes by ROSI (and rexinoids to a lesser extent) (Supplemental Fig. 5E ), again suggesting regulation during the commitment process or a depot-specific difference between the bone marrow and inguinal compartments.
Chemical antagonists reveal PPARg-and RXR-dependent differences in ROSI-vs rexinoid-differentiated MSCs
To evaluate the PPARg/RXR dependence of our observed phenotypes, we differentiated MSCs into adipocytes for 7 days with MDI and ligands as before, then added in chemical antagonists of PPARg (T0070907, also known as T007) and RXR (HX531) for the final Figure 6 . Rexinoid-differentiated MSCs fail to induce the expression of BAT markers and respire less oxygen in the uncoupled state. MSCs were differentiated into adipocytes with MDI and ligands (500 nM ROSI, 100 nM 4204, 50 nM TBT, 0.1% DMSO) in the presence or absence of T3. (A) RNA was collected at the end of differentiation and analyzed for expression of BAT markers. For ROSI, 4204, and TBT samples, a two-way ANOVA and Tukey multiple comparison test were used: *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001. (B) Differentiated MSCs were exposed to the b-adrenergic agonist isoproterenol (100 nM) or vehicle control (0.1% DMSO) for 4 h. Lipolysis was measured by assaying free glycerol in the media and normalizing to lipid stain as described in "Materials and Methods." For ROSI, 4204, and TBT samples, a two-way ANOVA and Tukey multiple comparison test between treatment groups were used: *P , 0.05; **P , 0.01; ***P , 0.001. (C) DNA was isolated as described in "Materials and Methods." Mitochondrial content was assessed by qPCR as the ratio of mitochondrial DNA (mt-Co1) to nuclear DNA (Ndufv1). For ROSI, 4204, and TBT samples, a one-way ANOVA and Tukey multiple comparison test were used: *P , 0.05. (D) MSCs were differentiated into adipocytes in the presence of MDI, T3, and ligands as described in "Materials and Methods." After 2 wk, MSCs were starved of buffer and oxygen for 1 h prior to analysis of mitochondrial function by the Mito Stress Test (see "Materials and Methods"). OCR was normalized to cell number (Hoechst 33342 RFU) for each well. Parameters of mitochondrial function were extrapolated from normalized OCRs. For ROSI, 4204, and TBT samples, a one-way ANOVA and Tukey multiple comparison test were used: *P , 0.05; **P , 0.01; ***P , 0.001. All data are represented as the mean 6 SEM. Fig. 6A) . In this way, we did not completely block the formation of adipocytes by inhibiting PPARg/RXR early in adipogenesis (day 0 to 7), but we could still assess the functions of these receptors in committed preadipocytes and in mature adipocytes. As expected, Fabp4 was strongly induced by ROSI and this induction was blunted by T007 and, to a lesser extent, HX531 (Fig. 7A) . Fabp4 induction was lower in both rexinoid treatments; however, in TBTtreated cells its expression was elevated by HX531 (Fig. 7A, left) . Abca1 also behaved as predicted, showing induction by both rexinoid treatments that was inhibited by HX531, but not T007 (Fig. 7A, center) . Interestingly, ROSI induction of the PPARg target Adipoq was more effectively blocked by HX531 than T007, whereas RXR agonists 4204 and TBT strongly repressed Adipoq expression (Fig. 7A, right) . Similar to what was observed with Fabp4, HX531 could only rescue Adipoq expression levels in TBT-treated samples. The ISGs Irf7, Oas1a, and Stat2 all showed expression patterns that suggested RXR dependence, with HX531 inhibiting ISG expression in TBT-treated samples (Fig. 7B) . The BAT markers Elovl3, Cidea, and Ppara all showed a PPARg-dependent expression pattern reminiscent of Fabp4 or Adipoq (Fig. 7C) . BAT gene expression in 4204 samples was nearly unchanged by T007 or HX531 treatment, whereas, once again, expression in TBT samples was elevated in the presence of HX531.
days of treatment (Supplemental
Finally, we asked whether repression of BAT genes in rexinoid-treated cells might be due to the sustained expression of ISGs, as was reported in a recent study by Seale and colleagues (68) . To test this, we differentiated MSCs for 1 week in the presence of MDI and ligands, and then modulated IFN signaling by adding either mouse recombinant IFNa to ROSI-treated cells or the Janus kinase (JAK) inhibitor TCN to 4204-and TBT-treated cells. TCN was previously shown to induce browning in human induced pluripotent stem cell-derived adipocytes through JAK1/3 inhibition and, ultimately, by suppressing the expression of ISGs (69). IFNa treatment was able to reactivate the expression of ISGs in ROSI samples, whereas TCN strongly inhibited their expression in 4204/TBT samples (Fig. 7D) . Interestingly, IFNa had no effect on the expression of BAT markers in ROSIdifferentiated MSCs ( Fig. 7E; Supplemental Fig. 6C ). Alternatively, TCN significantly increased the expression of PGC-1a in 4204-and TBT-differentiated cells, and slightly elevated the expression of Ppara and Elovl3 ( Fig. 7E;  Supplemental Fig. 6C . These data are consistent with the possibility that persistent IFN signaling in rexinoid-treated samples suppresses the critical BAT regulator PGC-1a. Taken together, our data show that rexinoids fail to silence inflammatory signals in developing adipocytes that can interfere with the ability of these cells to acquire a brown/ beige phenotype.
Discussion
In this study, we demonstrated that although rexinoids are potent inducers of lipid accumulation in differentiating MSCs, the resulting cells are dysfunctional when compared with MSCs differentiated with the thiazolidinedione ROSI. MSCs differentiated into adipocytes were assessed for four basic functions: (1) sensitivity to insulin and subsequent glucose uptake, (2) adipokine secretion, (3) expression of profibrotic and proinflammatory markers, and (4) the acquisition of a brown/beige fat phenotype. In all of these functions, rexinoids programmed poorly functioning adipocytes that displayed diminished glucose uptake (Fig. 3 ) and ablated adiponectin secretion (Fig. 4) , persistent proinflammatory and profibrotic gene expression (Fig. 5) , and a limited ability to respire oxygen in response to mitochondrial uncoupling (Fig. 6 ). These data shed light on a key question raised by our previous publications and within the EDC field: if pharmacologic PPARg agonists improve adipocyte function, then why do environmental PPARg activators such as TBT not produce a corresponding effect? For the prototypical obesogen TBT, the culprit appears to be its ability to activate the promiscuous nuclear receptor heterodimer RXR. Of course, developmental exposure (during gestation or early life) to any PPARg agonist bears the risk of increasing total adipocyte number, a strong predictor of fat mass in adults (70, 71) . However, our data highlight the potential for RXR activators to promote both adipose hyperplasia (28) and adipocyte dysfunction.
We recently showed that TBT exposure of MSCs prior to differentiation promotes adipose lineage commitment in an RXR-dependent manner (28) . Transcriptomal analyses of undifferentiated MSCs revealed a distinct RXR-dependent gene expression profile in TBT-treated cells, whereas ROSI exposure had little effect, likely due to minimal PPARg2 isoform expression in MSCs prior to adipose induction (28, 72) . This led us to consider the potential role of RXR as a target of TBT in mature adipocytes. In our present study, MSCs differentiated in the presence of ROSI have a significantly different transcriptome from that of TBT-treated cells ( Fig. 1;  Supplemental Fig. 1 ). Unlike our previous work in undifferentiated cells (28) , ROSI treatment altered the expression of numerous genes (Supplemental Fig. 1C-1F) , some of which were congruently regulated by TBT (Supplemental Fig. 1E and 1F ). This result is expected, because PPARg2 is highly expressed in mature adipocytes and because TBT can activate PPARg gene targets via either half of the RXR/PPARg heterodimer. The Figure 7 . Chemical antagonists reveal PPARg-and RXR-dependent differences in ROSI-vs rexinoid-differentiated MSCs. (A-C) MSCs were differentiated into adipocytes in the presence of MDI and ligands (500 nM ROSI, 100 nM 4204, 50 nM TBT, 0.1% DMSO). On day 7 of differentiation, chemical antagonists of PPARg (T0070907, 1 mM) or RXR (HX531, 10 mM) were added to the culture medium through the end of differentiation (see Supplemental Fig. 6A ). RNA was collected and analyzed by qPCR for gene expression of (A) classic PPARg and RXR targets, (B) IFN genes, or (C) BAT markers. A two-way ANOVA and a Tukey multiple comparison within each treatment group were used: *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001. (D and E) MSCs were differentiated for 7 d in the presence of MDI and ligands as in (A)-(C). On day 7, mouse recombinant IFNa (1000 U/mL) was added to ROSI samples and the JAK inhibitor TCN (5 mM) was added to 4204 and TBT samples (see Supplemental Fig. 6B ). Gene expression of (D) IFN genes and (E) BAT markers was analyzed by qPCR. By an unpaired t test: *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001. All data are represented as the mean 6 SEM.
consequence of RXR promiscuity, however, is that rexinoids will act not only on targets of RXR-PPARg, but also on gene targets of other permissive RXR partners such as LXR, farnesoid X receptor, PPARa, and PPARd, as well as targets of RXR homodimers (44) . Hence, it is not surprising that the overlap between ROSI-and TBT-induced expression changes is relatively poor (Supplemental Fig. 1E and 1F) . Subsequent pathway analysis revealed that transcriptomal differences between ROSI and TBT suggest functional deficits and inappropriate development of TBT-treated MSCs into adipocytes (Fig. 1) .
Given gene expression data implying that TBT fails to activate PPARg targets to levels achieved by ROSI, how then do these cells achieve the same levels of lipid accumulation? Notably, several lipogenic genes show higher levels of expression in TBT-treated samples, including Pparg2 (Fig. 2C) , Fasn (Fig. 2D) , ATP citrate lyase (Acly), and Elovl6 (Fig. 1C) . ROSI treatment, however, highly induces the expression of many lipogenic genes found in cluster 6 (e.g., Srebf1 and Dgat2, Fig. 1C ). What is more likely is that rexinoids induce the expression of enough adipogenic genes to a level sufficient for meaningful adipose differentiation, whereas ROSI promotes high levels of these transcripts such that they achieve their maximal adipogenic effect. Despite significant lipogenesis, rexinoids fail to silence genes that may belong to alternate mesenchymal lineages or preadipocytes, which may explain their dysfunction. Hence, these rexinoid-treated cells could also be viewed as immature or incompletely differentiated (i.e., dysfunctional) adipocytes, despite their ability to store and mobilize fat.
MSCs and 3T3-L1 cells have become common platforms to screen EDCs for obesogenic potential (19, 21, 45, 73, 74) . Typically, the endpoints of these adipogenesis assays are intracellular lipid accumulation and gene expression of adipose lineage markers. These endpoints are then used to infer accelerated or inhibited commitment (MSCs only) and/or terminal differentiation (MSCs or 3T3-L1 cells). More recently, investigators have begun assessing the effects of EDCs on mature adipocyte function, primarily insulin sensitivity and adipokine secretion (10, 18, 75, 76) . In vitro studies of adipocyte function using 3T3-L1 cells are nearly universal, with few exceptions utilizing primary adipose tissue explants or differentiated MSCs (77) (78) (79) . This is despite literature showing that MSCs maintain lipolytic and endocrine functions when differentiated into adipocytes (80, 81) .
Sargis and colleagues (23) investigated functional differences in 3T3-L1 cells differentiated with TBT or the thiazolidinedione troglitazone. These authors observed lower levels of adiponectin and CEBPa mRNA and intracellular protein in TBT-treated cells, as well as lower GLUT4 expression, but no differences in glucose uptake. They speculated that the observed differences may be RXR-dependent. In this study, we have used the primary MSC model to show that rexinoids fail to induce GLUT4 expression to levels achieved by ROSI, and therefore attenuate glucose uptake under basal and insulin-stimulated conditions (Fig. 3) . Notably, we observed intact insulin signaling, suggesting that diminished glucose uptake is indeed due to lower expression of GLUT4.
There are multiple sources of ECM in adipose tissue fibrosis, although M1 macrophages and preadipocytes are major contributors. Recent work shows that TGF-b and PDGFRa signaling in preadipocytes induces a myofibroblast-like phenotype that results in ECM deposition and adipose fibrosis (82) . ROSI-treated MSCs effectively downregulate the myofibroblast marker Acta2 and the TGF-b marker Inhba as well as several genes coding for ECM proteins, whereas rexinoid treatment sustains their expression at preadipocyte (vehicle control) levels ( Figs. 1 and 5; Supplemental Fig. 2B ). Unlike obese adipose tissue, fibrotic gene induction in our MSCs is not a product of hypoxia. Rather, it may reflect a developmental misprogramming by RXR whereby markers of other mesenchymal lineages (e.g., muscle, bone, cartilage) are either inappropriately activated or left unsilenced. This notion is supported by the fact that RXR is known to promote myogenic differentiation (83) and its heterodimeric partner retinoic acid receptor (RAR) is known to promote osteogenesis (84, 85) . Whereas RAR is considered to be a nonpermissive RXR partner, previous studies report induction of RAR gene targets by rexinoids (86) . This might occur through RXR homodimers or in concert with retinoids present in serum, because the RXR/RAR heterodimer is permissive when RAR is liganded (87) . Notably, we observe markers of the myogenic [myosin heavy chain 11 (Myh11)] and osteogenic [carbonic anhydrase II (Car2), cytochrome P450 family 26 subfamily B member 1 (Cyp26b1)] lineages among the top genes upregulated by TBT in our RNA-seq data (Supplemental Table 3 ). Furthermore, many ECM genes are known to be expressed in preadipocytes but are downregulated during terminal differentiation (62) . Given the diminished ability of rexinoids to induce PPARg targets (cluster 6, Fig. 1B) , it is likely that many of these transcripts reflect a failure by rexinoids to properly differentiate these cells into fully functional, mature adipocytes. Because adipose fibrosis is maintained through a positive feedback loop (35) , aberrant rexinoid signaling in preadipocytes during adipogenesis could potentially initiate an inflammatory/fibrotic response in vivo.
In addition to a profibrotic transcripts, rexinoids also sustained the expression of proinflammatory genes in MSCs. The macrophage chemoattractants CCL5, CCL7, and CCL9 were highly expressed in MSCs treated with RXR activators when compared with ROSI (Fig. 5B) . Importantly, these chemokines are upregulated in human obesity (88) , with the exception of CCL9, which has no human ortholog but is upregulated in mouse models of obesity (89) . Remarkably, rexinoids failed to repress many genes involved in IFN signaling ( Figs. 1 and 5;  Supplemental Fig. 3 ). The role of IFN signaling in adipose tissue is complex, as IFN and its effectors play roles in adipogenesis and in mature adipocyte function (90, 91) . Importantly, IFNg acts through STAT1 to induce insulin resistance and inhibit adipogenesis in human preadipocytes (92) , and IFNg-null mice on a high-fat diet have improved insulin sensitivity, smaller adipocytes, and an M2 shift in adipose tissue macrophages (93) . Although the source of IFNs in obese adipose tissue is primarily T cells and natural killer cells, in this study we report the induction of IFN signaling within MSCs differentiated in the presence of RXR activators. Notably, IFN genes are strongly repressed by ROSI treatment but remain elevated in vehicle and TBT samples (Fig. 1A and  1B, cluster 3, Fig. 5B) . Hence, the enrichment of IFN genes in rexinoid-treated samples probably reflects a failure to downregulate these transcripts via PPARg, rather than an RXR-mediated induction. At the same time, chemical inhibition of RXR consistently repressed ISGs (Fig. 7B) , suggesting some role for RXR in maintaining basal expression of these genes. Where in the IFN cascade PPARg and RXR might act is unclear; however, recruiting or ousting IRFs to and from the genome is a plausible mechanism.
Research into the molecular regulation of brown and beige adipose tissue has exploded in the past decade (38) , in part due to its potential as a pharmacologic target for the treatment of obesity and diabetes (39) . Our data show that MSCs differentiated in the presence of rexinoids are unable to induce the expression of transcriptional and functional markers of brown and beige fat (Fig. 6A ) despite uninhibited adipose turnover and T3 supplementation in the media. Interestingly, ATGL expression and lipolysis were induced by T3 in the 4204 group, but this was blunted by ROSI and TBT treatment (Fig. 6A  and 6B ), exposing a rare example of functional similarity between ROSI-and TBT-differentiated adipocytes. The other instance of congruence between ROSI and TBT can be seen in the basal respiration and ATP production rates measured in the Mito Stress Test (Fig. 6D) , revealing that TBT-differentiated adipocytes are as functional as ROSIdifferentiated cells under basal conditions. Only when respiration is uncoupled from ATP synthesis [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone treatment] are the deficits of rexinoid-treated mitochondria apparent (Fig. 6D) . Whether similar deficits would be seen in response to sympathetic activation (by isoproterenol or a b 3 agonist) was not tested. Higher respiration in ROSI cells is likely due to higher expression of PGC-1a, a master regulator of mitochondrial biogenesis, and a subsequent increase in mitochondrial abundance ( Fig. 6A and 6C) . Our results in MSCs were mirrored in SVF differentiated into adipocytes, where rexinoid treatment resulted in slightly less adipose turnover, but a .100-fold decrease in Ucp1 expression compared with ROSI ( Supplemental Fig. 5D ).
Interestingly, recent work has highlighted the importance of IFN signaling in brown and beige adipose tissue. For example, IRF3 was shown to repress white adipose browning (94) whereas IRF4 is induced upon cold exposure and promotes thermogenesis (95) . A recent high-throughput screen for potential browning agents using human pluripotent stem cell-derived adipocytes identified two JAK inhibitors (one of which was TCN) that were shown to act via repression of IFN signaling (69) . Importantly, these pharmaceuticals increased mitochondrial content and basal lipolysis in these cells. Seale and colleagues (68) showed that the BAT transcriptional regulator PRDM16 represses type I IFN signaling in adipocytes to promote thermogenesis. PRDM16 was shown to negatively regulate ISGs in brown preadipocytes, including Irf7, Ifi44, Oas2, Oas3, Stat1, and Stat2, all genes that are highly upregulated in MDI-induced MSCs treated with vehicle or TBT compared with ROSI (Supplemental Fig. 3 ). Importantly, a downstream inhibitor of IFN signaling (TCN) was able to rescue expression of PGC-1a in 4204/TBT samples (Fig. 7E) . Taken together, these data implicate persistent IFN signaling in rexinoid-treated MSCs as a repressor of adipose browning/beiging.
PPARs are permissive partners of RXR; hence, rexinoid treatment should induce the expression of PPARg targets (44) . To some extent, this is achieved in our experiments, because rexinoid-differentiated cells accumulate lipid and express many genes congruently with ROSI-treated MSCs (Supplemental Fig. 1 ). However, we observed a vastly divergent transcriptome between ROSIand rexinoid-treated samples ( Fig. 1; Supplemental Fig. 1 ). Our chemical antagonist assay sheds light on the complex mechanisms through which the effects of these ligands ultimately diverge (Fig. 7A-7C ). Fabp4, for example, is effectively induced by ROSI, 4204, and TBT over vehicle, but this induction is much stronger in ROSI (Fig. 7A) . Lower expression levels in rexinoid treatments might be due to dispersion of RXR among many permissive partners, thereby reducing the availability of RXR protein to partner with PPARg. Interestingly, chemical inhibition of RXR in TBT-treated cells increases expression of Fabp4 and many other PPARg targets (Adipoq, Elovl3, Cidea, Ppara) (Fig. 7A and 7C ). This may be due to a "redirecting" of TBT toward its other nuclear receptor target, PPARg. Alternatively, inhibition of RXR in the presence of rexinoids might increase RXR availability, and subsequent partnering with PPARg is only unmasked in the presence of PPARg agonist (i.e., TBT but not 4204). We also note that Adipoq mRNA levels are depressed by rexinoids relative to vehicle control, and this depression is only relieved by HX531 in TBT, but not 4204, samples (Fig. 7A) . We hypothesize that RXR, likely as a PPARg/RXR heterodimer, positively regulates the Adipoq promoter even in the absence of exogenous ligand (represented by the vehicle control group). Hence, ROSI treatment activates Adipoq, whereas the rexinoid-induced dispersal of RXR throughout the genome results in repression. Similar to Fabp4, this repression can be relieved by HX531 only in the presence of a PPARg agonist, TBT (Fig. 7A) . Taken together, we infer from these results that rexinoids are uniquely poised to disrupt normal adipocyte development and function due to the promiscuous nature of RXR. Notably, LXR has been implicated as a negative regulator of adiponectin (96) and adipose browning (97) , making this permissive RXR partner suspect in mediating some of the adverse effects of rexinoids during adipogenesis.
Work in animals suggests that RXR agonists are, in fact, insulin-sensitizing and glucose-lowering agents, in spite of persistent hypertriglyceridemia and repression of the thyroid axis (98) (99) (100) (101) . Notably, every published animal study conducted on this class of drug used genetic models of obesity and/or diabetes in rodent models (ob/ob mouse, db/db mouse, or Zucker fatty rats). It is possible that rexinoids have unique effects in animals with these genetic backgrounds, and may in fact worsen glycemic control in wild-type animals or in dietary models of obesity. Diabetic patients taking the rexinoid bexarotene, indicated for cutaneous T-cell lymphoma, are warned that bexarotene might enhance the effect of insulin and to be wary of hypoglycemic crises (102) . We find no evidence in the literature of such a case and presume that the warning was issued based on rodent data. We do find, however, a documented case of a pediatric patient developing insulin-dependent diabetes that persisted after discontinuation of bexarotene (103) . Our data demonstrate that these pharmaceutical rexinoids stifle adipose browning, which, in combination with central repression of the thyroid axis, could result in deficits in nonshivering thermogenesis and energy expenditure that are worthy of further investigation. A recent paper identified bexarotene in a small molecule screen of browning agents in a muscle cell line (104) , and subsequently showed increased browning and beiging in BAT and white adipose tissue, respectively, of adult mice fed a high-fat diet. The authors proposed that RXRs are master regulators of brown fat development and activation, more so than PPARg. Importantly, doses of bexarotene used in this study (10 mM in vitro, 50 mg/kg/d in vivo) exceed the window of RXR selectivity for this drug (105) and likely activate RAR, which is a well-documented positive regulator of thermogenesis (106) (107) (108) .
In conclusion, we have shown that RXR activation during the differentiation of MSCs promotes the formation of a dysfunctional and misprogrammed adipocyte in vitro. This comes on the heels of our recent work showing that rexinoids promote adipose lineage commitment in undifferentiated MSCs (28) . Taken together, these data support a model in which RXR activators have the potential to increase the allocation of stem cells to the fat lineage in addition to programming a poorly functioning adipocyte. Given the focus within the endocrine disruption field on PPARg activators, it would be prudent not to ignore EDCs that activate RXR, as they may prove more deleterious. Few of these chemicals have been identified to date (45, 109) , and none, other than TBT, has been characterized in vivo or studied in human populations. Finally, we have shown, to our knowledge for the first time, that MSCs may provide a useful platform to screen and study EDCs that repress adipose browning. Given the high cost of endocrine disruption in the United States and Europe (110) (111) (112) , the need to identify obesogens and characterize their mechanisms of action becomes increasingly critical.
